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ABSTRACT
Absorption of stellar Hα by the upper atmosphere of the planet HD189733b has recently been
detected by Jensen et al. Motivated by this observation, we have developed a model for atomic
hydrogen in the n = 2 state and compared the resulting Hα line profile to the observations. The model
atmosphere is in hydrostatic balance, as well as thermal and photoionization equilibrium. Collisional
and radiative transitions are included in the determination of the n = 2 state level population. We
find that Hα absorption is dominated by an optical depth τ ∼ 1 shell, composed of hydrogen in the
metastable 2s state that is located below the hydrogen ionization layer. The number density of the 2s
state within the shell is found to vary slowly with radius, while that of the 1s state falls rapidly. Thus
while the Lyα absorption, for a certain wavelength, occurs inside a relatively well defined impact
parameter, the contribution to Hα absorption is roughly uniform over the entire atomic hydrogen
layer. The model can approximately reproduce the observed Lyα and Hα integrated transit depths
for HD189733b by using an ionization rate enhanced over that expected for the star by an order of
magnitude. For HD 209458b, we are unable to explain the asymmetric Hα line profile observed by
Jensen et al., as the model produces a symmetric line profile with transit depth comparable to that
of HD 189733b. In an appendix, we study the effect of the stellar Lyα absorption on the net cooling
rate.
Subject headings: line: formation – planets and satellites: atmospheres – stars: individual (HD 189733,
HD 209458)
1. INTRODUCTION
Absorption1 of starlight by a transiting planet provides
a probe of the atmospheric composition and structure.
The Lyα and Hα transitions of hydrogen may poten-
tially give rise to large transit depths, as the combina-
tion of large cross section and hydrogen abundance put
the optical depth unity surfaces at much higher altitudes
(µbar− nbar pressure levels) than the continuum photo-
sphere (mbar - bar).
The detection of Lyα absorption (Vidal-Madjar et al.
2003, 2004, 2008; Ben-Jaffel 2007, 2008;
Ehrenreich et al. 2008; Lecavelier Des Etangs et al.
2010; Ehrenreich et al. 2012; Lecavelier des Etangs et al.
2012) due to atoms in the ground state traces the bulk
of the atomic population, and hence the density profile
of the planet’s atmosphere. By contrast, the recent
detection of Hα absorption by Jensen et al. (2012)
reveals the small population in the n = 2 excited state.
As the number density in the n = 2 state depends
sensitively on the excitation rates due to collisions and
radiative pumping by the stellar photons, it is a much
more sensitive probe of the atmosphere, in particular
the temperature profile. Hence, the Lyα and Hα lines
are complementary probes of the atomic hydrogen layer.
The goal of this paper is to construct a detailed model
dac5zm@virginia.edu, pla7y@virginia.edu, zl4h@virginia.edu
1 We will use the term “absorption” thoughout the paper, even
though at the low densities of interest each n = 2 → 3 radiative
transition is likely followed by a n = 3 → 2 (resonant scattering)
or 3→ 1 (resonance fluorescence) radiative transition. Either out-
come will prevent the stellar Hα photon from reaching the observer.
of the n = 2 state population by which to understand
the Jensen et al. (2012) Hα transit depth of HD 189733b.
Section 2 reviews the relevant observations of Lyα and
Hα observations for HD 209458b and HD 189733b. Sec-
tion 3 presents the details of the atmospheric model. Sec-
tion 4 presents numerical results for HD 189733b, and
a detailed comparison to the Jensen et al. (2012) data.
Section 5 presents the predictions of our model for HD
209458b, and they disagree significantly with the data.
Section 6 addresses the possibility of observing Balmer
continuum absorption. We summarize our results and
compare to previous investigations in Section 7. In the
appendix, we study the effect of the stellar Lyα on the
cooling rate.
2. REVIEW OF THE OBSERVATIONS
We first review the observations of Hα absorption that
motivate our work, as well as previous attempts to de-
termine excited state abundance, or excitation tempera-
ture, from the observations. These previous estimates of
density and temperature will be compared to the calcu-
lations in this paper in Section 7.
The initial detection of Lyα absorption during the
transit of HD209458b (Vidal-Madjar et al. 2003) indi-
cated a 15% decrease in flux over a 5.1 A˚ wavelength
band around line center. The implied occultation radius
of 4.3RJ, where RJ = 7.149 × 109 cm is the radius of
Jupiter, is larger than the Roche lobe radius of 3.6RJ,
leading the authors to suggest that the planet must be in
a state of Roche lobe overflow. Due to absorption by the
interstellar medium and geocoronal emission, the center
of the Lyα line cannot be used, and absorption is only
2TABLE 1
HD 189733b
Parametersa
Mass (MJ) 1.138
Radius (RJ) 1.138
a (AU) 0.031
a Source: exo-
planet.eu
reliably observed outside ∼ 75 km/s from line center,
indicating either a population of “hot hydrogen” (T ∼
106K) formed through charge exchange with stellar wind
protons (Holmstro¨m et al. 2008; Ekenba¨ck et al. 2010;
Tremblin & Chiang 2012) or large columns of “warm hy-
drogen” (T ∼ 104K; Yelle 2004), which yield a saturated
line. This paper attempts to explain Hα transit spectra
by the latter scenario of a large column of warm hydro-
gen.
For T ∼ 104 K, the observed Lyα absorption is well
out on the damping wing of the line, and hence the cross
section is not a strong function of temperature. The Lyα
transit depth is, however, dependent on the temperature
through the atmospheric scale height. As we will show,
the Hα absorption is expected to have a stronger depen-
dence on temperature due to the collisional excitation
rate of the n = 1 to n = 2 transition.
The first attempt to detect Hα was by Winn et al.
(2004) who observed HD209458. For the remainder of
this section, we summarize their observational results, as-
sumptions, and inferences. Integrating over a 5.1A˚ band,
they find an equivalent width
Wλ ≡
∫
dλ
(
Fout(λ) − Fin(λ)
Fout(λ)
)
< 1.7mA˚, (1)
where Fin and Fout are the flux in and out of transit,
respectively. If the n = 2 state hydrogen occults an area
∆A, and the area of the star is A, then in the optically
thin limit, eq. (1) can be used to relate the column den-
sity of the n = 2 state, N2, to the equivalent width as
2
WHα =
πe2
mec2
f23λ
2
HαN2
∆A
A
. (2)
Here λHα = 6562.8 A˚ is the wavelength of the Hα tran-
sition, and f23 = 0.64 is the oscillator strength. Using
a fractional area ∆A/A = 0.15 from Lyα measurements
(Vidal-Madjar et al. 2003), and assuming the same oc-
culting area for Lyα and Hα lines, the column density
can be constrained to be N2 . 2.4× 1011 cm−2.
Hα absorption was subsequently detected by
Jensen et al. (2012) in the transits of HD 209458b
and HD 189733b. The line profile of HD 209458b
showed an excess to the blue and a deficit to the red of
line center, for which we have no simple explanation.
The line profile of HD 189733b offered no such conster-
nation, exhibiting a symmetric absorption feature about
2 We believe eq.6 of Winn et al. (2004) and eq.4 in Jensen et al.
(2012) should have ∆A/A on the right hand side, not the left, as
the drop in observed flux is proportional to the occulting area,
not its inverse. Their estimates of N2 should be multiplied by the
factor (A/∆A)2, implying columns larger by a factor 10− 100.
line center. HD 189733b is the focus of our modeling
effort.
To quantify the absorption, Jensen et al. (2012) intro-
duce the absorption measure Mabs, defined as
Mabs = 〈ST 〉central −
〈ST 〉blue + 〈ST 〉red
2
(3)
where
〈ST 〉i =
(
Fin
Fout
)
i
− 1 (4)
and i=blue, red, central indicates the domain of the wave-
length integration. The purpose of subtracting off the
bands just outside the line center is to derive the drop in
flux due to the upper atmosphere, where the Hα absorp-
tion takes place; absorption of the neighboring contin-
uum takes place much deeper in the planet’s atmosphere,
near the continuum photospheres at mbar-bar pressures.
In their analysis, Jensen et al. (2012) considered three
16 A˚ bands with the central band covering the Hα line
and blue and red being adjacent bands at shorter and
longer wavelengths, respectively. The absorption mea-
sure Mabs can be related back to equivalent width by
Wλ ≈ Mabs∆λ. For HD 189733b, the absorption mea-
sure isMabs = (−8.72±1.48)×10−4 (Jensen et al. 2012).
Winn et al. (2004) and Jensen et al. (2012) estimate
the excitation temperature, Texc, starting with the Boltz-
mann distribution for the number densities n1 and n2 of
atoms in states n = 1 and n = 2:
n2
n1
=
g2
g1
e−10.2 eV/kBTexc , (5)
where g2 = 8 and g1 = 2 are the degeneracies of each
state, including both 2s and 2p upper states, and the
energy difference is 10.2eV. The authors then estimate
the left hand side by equating n2/n1 ≃ N2/N1, where
N1 is the column density of ground state hydrogen. This
assumption relies on the distribution of n1 and n2 be-
ing similar in the atmosphere, so that the effective path
length in the integration is comparable. Lastly, they as-
sume that N2/N1 ≃ WHα/WLyα = 0.0128A˚/0.32A˚ =
0.04, which is valid if both transitions are optically thin
and the occulting area ∆A is the same for each. Plug-
ging this into the left hand side and solving then gives
Texc = 2.6 × 104K. This high excitation temperature
is not achieved for thermal gas in any published mod-
els to date (e.g. Yelle 2004; Murray-Clay et al. 2009;
Garc´ıa Mun˜oz 2007). We will revisit the estimates of
Texc in section 7 in the context of our model for the at-
mospheric structure and level populations.
3. MODEL FOR THE ATMOSPHERE
In this section we present our model for the density
and temperature profiles and the hydrogen level popu-
lations. Section 3.1 outlines the different layers of the
atmosphere of interest. Section 3.2 discusses thermal
and ionization equilibrium. Section 3.3 presents the rate-
equilibrium equations which determine the ground and
excited state populations of hydrogen. Section 3.4 dis-
cusses the numerical solution of the coupled equations
of hydrostatic balance, thermal equilibrium photoioniza-
tion equilibrium and detailed balance for the level pop-
ulations.
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Fig. 1.— Cartoon showing the different layers in the atmosphere.
3.1. Basic Structure of the Atmosphere
We consider a spherically symmetric atmosphere above
the photospheric radius at r = Rp, where r is the spher-
ical radius. The atmosphere is divided into three zones
(see Figure 1), according to the state of hydrogen: molec-
ular, atomic and ionized. Inside the photospheric ra-
dius, r < Rp, we consider the planet to be opaque to
Hα. The shell Rp < r < Rb is composed mainly of
molecular gas, due to the low temperature. Assum-
ing a Boltzmann distribution and a mean temperature
of Teq = 1200K, the equilibrium temperature (for zero
albedo) of HD189733b, the relative abundance of n = 2
hydrogen is n2/n1 = 5.65× 10−43, where n1 and n2 are
the number density of hydrogen in the n = 1 and n = 2
states, respectively (we use n for both number density
and radial quantum number. The meaning is clear from
the context). Due to the small abundances and low tem-
peratures, we assume that the contribution of the molec-
ular layer to the Hα absorption is negligible. The tran-
sition from molecular to atomic hydrogen takes place at
a radius Rb, and it is this “atomic” layer at r > Rb and
P . 1 µbar that gives rise to the Hα absorption in our
model. At pressures P . 1 nbar hydrogen will be mostly
photoionized, forming an “ionized” layer that contributes
little to the Hα absorption.
A parameter that enters our model is the base radius of
the atomic layerRb. It is determined by the photospheric
radius Rp and the thickness of the molecular layer Rb −
Rp. If the molecular layer is isothermal at temperature
T , the thickness is
Rb −Rp ≃
kBTR
2
p
µmHGMp
ln
(
Pp
Pb
)
, (6)
where µ ≃ 2.3 is the mean molecular weight, Mp is the
mass of the planet, Pp is the pressure of the optical photo-
sphere, and Pb is the pressure at the molecular-to-atomic
transition. For T = Teq, Pb = 1 µbar and Pp = 1 bar,
the thickness is Rb−Rp = 0.032Rp. An upper bound to
the thickness is found using the dissociation temperature
at which the gas transitions from molecular to atomic.
Plugging Pb = 1µbar into the Saha equation, and using
the roto-vibrational energies from Borysow et al. (1989),
we find T = 1934K and Rb − Rp = 0.054Rp. Since the
equilibrium and dissociation temperature estimates differ
by only 40%, and both give altitudes which are a small
fraction of Rp, we conclude the thickness of the molec-
ular layer will not greatly affect the Hα transit depth.
Henceforth we use Rb −Rp = 0.054Rp in numerical cal-
culations for HD 189733b.
3.2. Ionization and Thermal Equilibrium
The electron and ion abundances are set by rate equi-
librium between photoionization of ground-state hydro-
gen and radiative recombination,
Γ1s (N1s)n1s = αB(T )n
2
e . (7)
Here Γ1s is the photoionization rate from the 1s state,
defined in eq. 9 below, and αB is the Case B recombina-
tion coefficient defined in Table 2. As discussed below,
we assume all free electrons come from hydrogen so that
ne = np.
The heating rate is dominated by photoelectrons from
the ionization of hydrogen. In the high-UV case we con-
sider here, cooling will be dominated by Lyα emission
(Murray-Clay et al. 2009). The temperature is then de-
termined by balancing photoelectric heating (Q1s) and
Lyα cooling (ΛLyα),
Q1s (N1s)n1s = ΛLyα (T )nen1s . (8)
where the Lyα cooling rate is ΛLyα (T ) ≃
10.2 eV (C1s→2s(T ) + C1s→2p(T )) and C1s→2s and
C1s→2p are the collisional excitation rates from the 1s
state to the 2s and 2p states, respectively (see table
2). Excitation to the 2s state also contributes to Lyα
cooling since the ℓ-mixing reactions rapidly turn 2s into
2p, which then emits a Lyα photon (see Figures 12 and
13). In eq.8, Q1s is the heating rate per particle, defined
in eq.10 below.
In cases where there is a non-zero Lyα excitation rate
JLyα due to the stellar radiation field, there exists the
possibility, for sufficiently low gas temperatures, of Lyα
heating when the excitation temperature of the radia-
tion field approaches or exceeds the gas temperature. In
the appendix, we estimate the contribution of true Lyα
absorption to the overall heating rate as a function of
JLyα and T. We find that for the solar value of JLyα, the
cooling rate is not significantly altered by the inclusion
Lyα heating for the bulk of the layer that is responsi-
ble for the Hα absorption; however, the heating could
be important at lower temperatures near the base of the
atomic layer (see fig. 16). To address this issue fully it is
necessary to have a detailed treatment of Lyα radiation
transfer which is beyond the scope of this paper.
While some parameters of the planet are well known
(see table 1), such as planetary mass (Mp), radius (Rp)
and semi-major axis (a), other parameters are less cer-
tain, and may even vary with time, such as the ionizing
and Lyα flux of the star HD 189733. Also uncertain is
the role of day-night transport of heat in the upper at-
mosphere (Koskinen et al. 2007). Given these uncertain-
ties, we parametrize the ionizing flux of HD 189733, and
hence the heating and ionization rates, in an attempt
to explain the observed transit depth and line profile.
Specifically, the ionization rates will be multiplied by a
4TABLE 2
Relevant Reactions
Number Reaction Symbol Rate Reference
R1 H1s + γ → e− +H+ Γ1s See Eq. 9
R2 e− + p→ H+ γ αB 2.54× 10−13(T/104 K)−0.8164−0.0208 log(T/104 K) cm3 s−1 Draine (2011)
R3 H1s + e− → H2s + e− C1s→2s 1.21× 10−8
(
104 K/T
)0.455
e−118400/T cm3 s−1 Janev et al. (2003)
R4 H1s + e− → H2p + e− C1s→2p 1.71× 10−8
(
104 K/T
)0.077
e−118400/T cm3 s−1 Janev et al. (2003)
R5 H2s + e− → H2p + e− C2s→2p 6.21× 10−5 (log (T/T0)− γ) /
√
T cm3 s−1 Janev et al. (2003)
R6 H2s + γ → e− +H+ Γ2s See Eq. 11
R7 H2p + γ → e− +H+ Γ2p See Eq. 11
R8 e− +H+ → H2s + γ α2s
(
0.282 + 0.047(T/104 K)− 0.006(T/104 K)2)αB Draine (2011)
R9 e− +H+ → H2p + γ α2p αB − α2s Draine (2011)
R10 H2s → H1s + 2γ A2s→1s 8.26 s−1 Osterbrock & Ferland (2006)
R11 H2p → H1s + γ A2p→1s 6.3× 108 s−1 Osterbrock & Ferland (2006)
R12 Lyα cooling ΛLyα(T ) 10.2 eV (C1s→2s + C1s→2p)
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Fig. 2.— 1s state photoionization rate versus N1s for HD
189733b, as calculated from Eqn. 9. The solid line is the nu-
merical calculation, and the dashed line is a fit to the data. The
threshold cross section used in the fit is σpi = 6.3× 10−18 cm−2.
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Fig. 3.— 1s photoelectric heating rate versus N1s for HD
189733b. The solid line is the numerical calculation using Eqn.
10 and the dashed line is a fit. The threshold cross section used in
the fit is σpi = 6.3× 10−18 cm−2.
factor ξ/4. The flux averaged over 4π steradians cor-
responds to ξ = 1. The substellar flux corresponds to
ξ = 4. Ionization rates larger than the nominal substel-
lar value have ξ ≥ 4. For the Lyα rate, we use the solar
spectrum and evaluate the flux at the orbital separation
of HD 189733b. We take the value of JLyα to be constant
throughout the atmosphere.
The ground-state photoionization and photoelectric
heating rates are defined as
Γ1s (N1s) =
ξ
4
∫
∞
ν0
4πJν
hν
σ1se
−σ1sN1sdν (9)
and
Q1s (N1s) =
ξ
4
∫
∞
ν0
4πJν
hν
h (ν − ν0)σ1se−σ1sN1sdν (10)
where Jν is the mean stellar intensity, N1s(r) =∫
∞
r dr
′n1s(r
′) is the 1s state column density, ν0 =
13.6 eV/h is the ionization threshold frequency, and σ1s
is the photoionization cross sections for the 1s state
(Osterbrock & Ferland 2006). The ultraviolet spec-
trum is a synthetic spectra for HD 189733b down-
loaded from the X-exoplanets Archive at the CAB
(Sanz-Forcada et al. 2011). The integration over fre-
quency allows higher energy photons to dominate the
integral at larger depth (Trammell et al. 2011), lead-
ing to a larger rate than if a single frequency was used
(Murray-Clay et al. 2009). Figs. 2 and 3 show the pho-
toionization and heating rates due to the 1s state as a
function of N1s, evaluated for HD189733b. At small N1s,
the optically thin limit, the rates are constant, while at
large columns they decrease roughly as a power law.
Although ionization of the n = 2 state hydrogen con-
tributes negligibly to the electron density, ionization has
an important effect on the number densities n2s and n2p
of the 2s and 2p states. The rates are given by
Γ2s,2p =
∫ ν0
ν1
4πJν
hν
σ2s,2p (ν) dν (11)
where ν1 = 10.2 eV/h is the frequency threshold for
n = 2 state ionization. The upper frequency bound of
ν0 is included since photoionization of the ground state
will both quickly attenuate ionizing radiation above this
frequency and will contribute negligibly to the n = 2
photoionization rate due to the small cross-section. The
spectrum used is taken from the Castelli and Kurucz At-
las (Castelli & Kurucz 2003). We omit the factor of one
quarter found in Eqn. 9 due to the fact that Balmer con-
tinuum photons are optically thin throughout the region
of interest, making the photoionization rate insensitive to
the specific geometry considered. Additionally, we have
5ignored attenuation of the radiation field due to the small
column densities involved.
3.3. Level Populations
In the upper atmosphere, several different physical pro-
cesses are important in setting the level populations,
including collisional excitation and de-excitation, and
bound-bound and bound-free transitions due to the stel-
lar radiation field. The 2s and 2p states must be consid-
ered separately due to the lack of a fast radiative tran-
sition between 2s and the ground state3. The equation
expressing rate equilibrium for the 2p state is
B1s→2pJLyαn1s + C1s→2pn1sne
+C2s→2pn2sne + α2pn
2
e
=A2p→1sn2p +B2p→1sJLyαn2p
+C2p→1sn2pne + C2p→2sn2pne + Γ2pn2p (12)
while that for the 2s state is
C1s→2sn1sne + C2p→2sn2pne + α2sn
2
e
=C2s→1snen2s + C2s→2pnen2s + Γ2sn2s
+A2s→1sn2s . (13)
Here Ci→j denotes the collisional transition from state
i to state j, and both the 1s ⇌ 2s, 1s ⇌ 2p and the
ℓ-changing reaction 2s ⇌ 2p are included. Collisional
transitions induced by atomic and molecular hydrogen,
and helium, are negligible. The terms α2pn
2
e and α2sn
2
e
represent the effective recombination coefficients to that
level, and include radiative cascade from higher levels
(Draine 2011). We ignore ionization of helium, and as-
sume the electrons contributed by other elements, such
as sodium and potassium, are negligible in comparison
to that from hydrogen, hence ne = np. The A’s and
B’s are the Einstein coefficients for radiative transitions,
and JLyα is 1s→ 2p transition rate associated with Lyα
radiation. The rate coefficients are listed in table 2.
Due to the negligible contribution from collisions, the
2p occupation is set by radiative excitation and de-
excitation,
n2p
n1s
≈ B1s→2pJLyα
A2p→1s
≃ 10−9
(
5 R⋆
a
)2
e16.9−(10.2 eV/kbTLyα,⋆). (14)
For the analytic estimate of JLyα, we have included a
dilution factor (R⋆/2a)
2 ∼ 10−2, for stellar radius R⋆
and orbital separation a, and the line intensity at the
stellar surface is ≃ (2hν3/c2) exp (−10.2 eV/kbTLyα,⋆),
where TLyα,⋆ ≃ 7000 K is the approximate excitation
temperature for the solar Lyα. The 2p density is small
mainly due to the small stellar excitation temperature,
and additionally because of the dilution factor. We show
the profile of n2p in figure 4 including all the physical
effects in eq.12, verifying that radiative rates dominate,
and that the 2p population is far smaller than 2s.
3 The two photon transition has a rate of A2s→1s = 8.26 s−1,
which is much smaller than A2p→1s = 6.3× 108 s−1.
At sufficiently large ne, the 2s state is primarily popu-
lated by collisional excitation from the ground state while
de-population is primarily due to the ℓ-mixing transition
2s→2p. The 2s abundance can be estimated as
n2s
n1s
=
C1s→2s
C2s→2p
=
C2s→1s
C2s→2p
exp
(
−118400K
T
)
(15)
=1.627× 10−8
(
T
104K
)0.045
e11.84−118400K/T
× 8.633
log (T/T0)− γ (16)
where T0 = 1.02K and γ = 0.57721... is the Euler-
Mascheroni constant.
The strong temperature dependence in the exponential
can be eliminated by using eq. 7 and 8,
n2s=
C2s→1sQ1sn1s
C2s→2pΛLyα,0 (T )ne
(17)
≈ C2s→1sα
1/2
1s (T )n
1/2
1s
C2s→2pΛLyα,0 (T )
Q1s
Γ
1/2
1s
, (18)
where we have defined ΛLyα (T ) ≡
ΛLyα,0 (T ) exp (−118400K/T ). The heating rate
scales with N1s as Q (N1s) ≈ Q0/(0.22σpiN1s)k1 and the
photoionization rate scales as Γ1s ≈ Γ1s,0/ (σpiN1s)k2
(see figs. 2 and 3 and Trammell et al. (2011)). Along
a radial path the column density can be approximated
by N1s ≈ H(T )n1s, the 2s volume density scales as
n2s ∝ n(1+k2)/2−k1‘1s . The parameters k1 and k2 depend
on the EUV spectrum, k1 = 1.25 and k2 = 1.09 for the
synthetic HD189733 spectrum giving n2s ∝ n0.0351s .4 As
a result, we find that n2s is fairly constant over a large
range of pressures in the atomic layer.
3.4. Numerical Method
We consider a one-dimensional hydrostatic profile,
with uniform spherical irradiation5 from the outside. We
integrate the equation of hydrostatic balance, and the
definition of the column,
∂P
∂r
= −GMpρ
r2
(19)
∂N1s
∂r
= −n1s (20)
where the pressure is given by P =
((1 + fHe)n1s + (2 + fHe)ne) kBT and the density
is ρ = mHnH + mene + mpnp + fHemHe (nH + np).
fHe = 0.1 is the fraction, by number, of helium per
hydrogen nucleus, and although it is considered non-
reactive in our model, it affects the profile through
its contribution to the density and pressure. The
4 For the solar spectrum Trammell et al. (2011) found k1 = 1.2
and k2 = 1.5.
5 Since there is minimal attenuation of Γ2s and Γ2p due to the
small columns of n = 2 hydrogen involved, the assumption of spher-
ical irradiation is equivalent to irradiation in the slant geometry,
as discussed in §3.2.
6relative helium abundance is considered to be constant
throughout the atmosphere and is taken to have the
solar value (Osterbrock & Ferland 2006).
To generate the atmospheric profile, the pressure is in-
tegrated from the outer boundary using Eqn. 19 through
a fourth-order Runge-Kutta scheme. Given the pressure,
temperature and ionization state can be solved for using
Eqns. 7 and 8. The column density is then updated
using Eqn. 20 and the process repeated until the base
radius Rp is reached. To achieve the desired pressure
Pb = 1µbar at the base, the pressure at the outer bound-
ary is varied using the secant method and new atmo-
spheric profiles are generated until the target base pres-
sure is reached.
Once the final profile is determined, the profiles for
n2s and n2p can be calculated for the entire atmosphere
using Eqns. 12 and 13.
With the radial temperature and the n2s profile now
calculated, the 2s state column density in the slant ge-
ometry, N2s, and the optical depth, τν , can be calculated
as a function of impact parameter b,
N2 (b) =
∫ ∞
−∞
n2s (r) dℓ (21)
τν (b) =
∫
∞
−∞
n2s (r) σHα,ν (r) dℓ , (22)
where ℓ is the line-of-sight coordinate and is related
to the radial coordinate and impact parameter b by
r =
√
b2 + ℓ2. We do not include n2p in the integrals
due to its negligible contribution to the overall n = 2
abundance for HD189733b. The proportional reduction
in flux, ignoring the opaque disk at r < Rp, is then given
by
F
(out)
ν − F (in)ν
F
(out)
ν
=
2
R2⋆
∫ R⋆
Rp
(
1− e−τν(b)
)
bdb (23)
Integrating eq. 23 with respect to wavelength recovers
the equivalent width in eq. 1. We do not use this def-
inition in practice, instead we choose to work with the
absorption measure Mabs,
Mabs=
∫
e−τISM
(
F
(out)
λ − F (in)λ
)
dλ∫
e−τISMF
(out)
λ dλ
(24)
=
∫
dλ
∫ R⋆
Rp
e−τISM
(
1− e−τλ(b)) I⋆λb db∫
dλ
∫ R⋆
Rp
e−τISMI⋆λbdb
, (25)
where τISM is the optical depth of the ISM and I
⋆
λ is the
unabsorbed stellar intensity. For Lyα, we use a Voigt
profile with a temperature of 8000K and assume an in-
terstellar hydrogen column density NH = 10
18.3 cm−2
(Wood et al. 2005; Lecavelier Des Etangs et al. 2010).
We assume no attenuation of Hα due to the interstel-
lar medium. For a constant I⋆λ, eq.25 is equivalent to
Mabs = Wλ∆λ. In calculating Mabs for Lyα, we assume
that I⋆λ is proportional to
TABLE 3
Parameters for HD189733b
ξa Wλ (A˚) Mabs
1 3.24× 10−3 2.2× 10−4
14 1.41× 10−2 8.8× 10−4
a
See eqs. 9 and 10 for the definition of
ξ.
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Fig. 4.— Number densities versus pressure for the ξ = 1 case.
Shown are the densities for 1s (solid line), electrons (dashed line),
2s (dash-dot line), and 2p (dotted line).
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Fig. 5.— Number densities versus pressure for the ξ = 14 case.
Shown are the densities for 1s (solid line), electrons (dashed line),
2s (dash-dot line), and 2p (dotted line).
I⋆λ ∝ exp
(
−1
2
(
∆v
64 km s−1
)2)
c
λ2
(26)
from Lecavelier Des Etangs et al. (2010). For Hα tran-
sits we assume that I⋆λ is constant with λ.
4. RESULTS
To study the effect of varied heating and ionization
rates, we vary ξ between 1 and 20. For each model at-
mosphere, we calculate Mabs for both Hα and Lyα. For
each ξ, we consider heating and ionization rates as de-
fined by eqs. 9 and 10, base radius Rb = Rp + 0.054Rp,
(see eq. 6) and base pressure Pb = 1µbar.
Figure 4 shows the number density profile for the ξ = 1
case. Throughout both the atomic and ionized layers n2s
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Fig. 6.— ∆Fλ/Fλ for the Hα of HD189733b for ξ = 1 (dashed
line) and the ξ = 14 (solid line) cases. The observed data (filled
circles) from Jensen et al. (2012) are over plotted with error bars.
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Fig. 7.— Mabs versus the UV scaling parameter ξ for HD
189733b. The Hα absorption (solid line) and the Lyα absorption
(dashed line) are shown together with the observed values (dotted
lines) labeled. The grey bands indicate the error bars for the ob-
served results. Mabs agrees with observation for ξ = 14. Although
the values for Lyα do not agree at ξ = 14, the calculated value is
within the margin of error for the observed quantity.
is seen to roughly trace ne while n2p follows the neu-
tral hydrogen abundance, as expected from eq. 14. The
ξ = 14 profiles, shown in Figure 5, exhibit the same be-
havior. Within the atomic layer, n2s maintains a roughly
constant abundance despite n1s varying by three orders
of magnitude, although it is not explicitly constant, as
can be seen in figs. 10 and 11. The 50% ionization point
is seen to move inward in pressure approximately linearly
in with the increase in ionization rate (see figs. 4 and 5).
The simulated transits for the abundance profiles in
Figures 4 and 5 are shown in Figure 6, compared to
the data for HD 189733b from Jensen et al. (2012). The
model profiles have been computed using eq. 23. It is
clear that ξ = 1 underestimates the transit depth, while
the higher ionization rate ξ = 14 curve has roughly the
correct width and depth. We note that there are sig-
nificant oscillatory features in the measured data, which
are much larger than the error bars shown in our Fig-
ure 6 and their Figure 3. These features persist in the
wavelength regions outside the line. Jensen et al. (2012)
attribute these features to systematic errors not included
in the error bars shown.
Next we vary ξ in order to derive the best fit to the cor-
rected widthMabs = 8.8×10−4 reported by Jensen et al.
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Fig. 8.— The radial contribution to eq. 25 as a function of b
for the ξ = 14 case for both Hα (solid line) and Lyα (dashed line).
The plot is normalized so that the largest contribution has a value
of 1.
(2012), with the corresponding values of Mabs shown in
Fig. 7. Additionally, we calculate Mabs for the unre-
solved Lyα. We find the Hα data are best fit by ξ = 14.
Lecavelier Des Etangs et al. (2010) determined the un-
resolved Lyα transit depth to be 5.05 ± 0.75%, includ-
ing a 2.4% contribution from the photospheric disk. For
the ξ = 14 model, we find Mabs = 5.94%, including the
opaque disk contribution, within two standard deviations
of the observed value.
It is of interest to compare the location of the regions
which contribute to Mabs for the Hα and Lyα. Figure
8 shows the contribution to the integral in eq. 25 as a
function of b for both Hα and Lyα. The primary contri-
bution for Lyα occurs farther out than that of Hα since
Lyα becomes optically thick throughout the integrated
band at lower column densities than Hα. The linear de-
crease for decreasing b is a geometric effect arising from
the fact that annuli at larger impact parameters con-
tribute more. For Hα, the largest contribution occurs at
the base of the atomic layer with a noticeable decrease
for impact parameters inside that layer. For large b, the
contributions for both Hα and Lyα are small. The con-
stancy at large b is due to the large scale height found
at these radii. If a planetary wind is present, the densi-
ties at these radii could be much lower than found in our
hydrostatic model (e.g., Yelle 2004), further decreasing
their contribution to Mabs.
Although ξ = 14 constitutes an order-of-magnitude in-
crease in the heating rate, the change in temperature
in the atomic layer is relatively modest. If we take the
volume-weighted average temperature,
〈T 〉 = 3
R3top −R3b
∫ Rtop
Rb
T (r) r2dr (27)
whereRtop is the radius where the electron density equals
the neutral hydrogen density (see fig. 1), ne = nH.
For the ξ = 1 case, we find 〈T 〉 = 8637K, and for
ξ = 14 we find 〈T 〉 = 8902K. Previous investiga-
tors have found the need for additional UV heating
(Lecavelier Des Etangs et al. 2010). Although we en-
force this increase in temperature through an increase
in the photoelectric heating rate for hydrogen, a more
complete modeling of the heating and cooling processes
in the atmosphere could explain the required tempera-
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Fig. 9.— The temperature profile versus pressure for ξ = 1 and
ξ = 14. For each curve, the location where the atmosphere transi-
tions from being dominated by ions to being dominated by atomic
hydrogen is denoted by a diamond.
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Fig. 10.— The radial distribution of 2s (solid line) and 2p (dashed
line) for the ξ = 1 case. These are the same data as fig. 4 but with
a linear scale to better show the the variation in abundance.
ture difference (Koskinen et al. 2012a,b).
Fig. 9 shows the temperature profiles as a function of
gas pressure for both ξ = 1 and ξ = 14. Within the
atomic layer (n1s > ne), the ξ = 14 case is approxi-
mately 1000K above the temperatures in the ξ = 1 case
at comparable pressures; however, due to the proportion-
ately smaller ionization rate, the atomic layer extends to
lower pressures for ξ = 1 which accounts for the similar
values of 〈T 〉.
We note that the temperatures atRb are 6000−7000K,
much higher than the temperatures required for the for-
mation of molecules. This is a limitation of our model
due to the simplified prescriptions for heating and cool-
ing.
The abundance profiles are shown for ξ = 1 and ξ = 14
in figs. 4 and 5, respectively. In both cases, n2p traces
the abundance of neutral hydrogen, as expected from eq.
14. Within the atomic layer, n2s maintains a roughly
constant abundance despite n1s varying by three orders
of magnitude. To better exhibit the small changes in n1s,
Figures 10 and 11 show a linear scale.
Fig. 12 shows the reaction rates for all reactions in-
volved in the formation of 2s hydrogen for the ξ = 14
model. Within the hydrogen layer, the abundance is set
by the balance of collisional excitation from 1s and the
ℓ-mixing reaction. As pressures decrease, and the at-
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Fig. 11.— The radial distribution of 2s (solid line) and 2p (dashed
line) hydrogen for the ξ = 14 case. These are the same data as
fig. 5 but with a linear scale to better show the the variation in
abundance.
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Fig. 12.— The reaction rates, for the 2s state, per unit vol-
ume versus pressure, using ξ = 14. Collisional excitation from
the 1s state to the 2s state (solid blue line) is the dominant cre-
ation pathway and is balanced by the collisional transition from the
2s to the 2p state (green dashed line). Additional creation path-
ways are the collisional transition from 2p to 2s (solid green line)
and recombination to the 2s state (solid red line). The remaining
destruction pathways are photoionization (dashed red line), colli-
sional de-excitation from the 2s to the 1s state (dashed blue line),
and the two-photon radiative transition to the 1s state (dotted blue
line).
mosphere becomes ionized, the contribution of radiative
recombination increases. Once the atmosphere becomes
predominantly ionized, radiative recombination becomes
the dominant formation pathway.
The reaction rates for 2p hydrogen are shown in fig.
13. Throughout the atmosphere, n2p is set by the radia-
tive transition between 1s and 2p, with little contribution
from other rates. Attenuation of the Lyα radiation could
play a role in decreasing n2p; however, at µbar pressures
we find that the radiative transition rates exceed the col-
lisional rates by a factor of 105.
5. THE CASE OF HD209458B
A similar analysis has been performed for HD209458b.
Since the line profiles for model and data are discrepant,
we only produce a parameter study ofMabs for the same
range of ξ used above.
Using parameters taken from exoplanet.eu, we take
Mp = 0.714MJ, Rp = 1.38RJ, a = 0.04747 au, and
use the simulated UV spectrum for HD209458 from the
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Fig. 13.— The reaction rates, for the 2p state, governing the
creation and destruction of hydrogen in the 2p state for the best-
fit case. Radiative excitation from the 1s state (solid blue line) is
the dominant creation pathway and radiative de-excitation (dashed
blue line) is the dominant destruction mechanism. In addition, 2p
is created through collisional excitation from the 1s state (solid
green line), the collisional transition from 2s to 2p (solid red line),
and recombination to the 2p state (solid yellow line). The remain-
ing destruction mechanisms are collisional de-excitation to the 1s
state (dashed green line), the collisional transition from 2p to 2s
(dashed red line), and photoionization of the 2p state (dashed yel-
low line).
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Fig. 14.— Model for ∆Fλ/Fλ for the Hα of HD209458b for ξ = 1.
The observed data (filled circles) from Jensen et al. (2012) are over
plotted with error bars. Note that the range of wavelengths in the
plot is larger than in fig. 6 in order to capture the absorption and
emission features.
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Fig. 15.— Mabs for Hα absorption versus the UV scaling param-
eter ξ for HD209458b.
X-exoplanets Archive at the CAB (Sanz-Forcada et al.
2011).
Fig. 14 shows the absorption profile for ξ = 1. It
is immediately obvious that there is no match between
the model prediction and the observers profile. The
model profile is symmetric about line center while and
the observed profile is antisymmetric. The observed
profile has a width characteristic of the orbital velocity
(150 km s−1) while the model is only a couple Doppler
widths (10 km s−1) wide. Fig. 15 shows the dependence
of Mabs on ξ. The curve is qualitatively similar to that
of the HD189733b case.
It should be noted that for HD209458b we find that
2p becomes more important than for HD189733b. Accu-
rately accounting for 2p requires modeling the radiative
transfer of the Lyα which is beyond the scope of this
paper.
6. BALMER CONTINUUM ABSORPTION
Given the observation of Balmer continuum absorp-
tion by HD209458b (Ballester et al. 2007), we estimate
the transit depth for HD189733b with our model. At the
Balmer edge, the bound-free absorption cross-section is
σbf ∼ 10−17 cm2 with the cross section decreasing for
smaller wavelengths. For ξ = 14, the number density is
bounded n2 . 10
2 cm−3 and a characteristic length is
L ∼ 109− 1010 cm. This yields an upper limit on the op-
tical depth τbf . σbfn2L = 10
−5−10−6 with smaller val-
ues of τbf for both larger impact parameters and shorter
wavelengths. The reduction in flux due to bound-free
absorption relative to Hα absorption should be propor-
tional to the ratio of cross sections,
(
∆Fν
Fν
)
bf
=
σbf(ν)
σHα(ν)
(
∆Fν
Fν
)
Hα
(28)
≈ 10−4
(
∆Fν
Fν
)
Hα
≈ 10−6 . (29)
Within the context of our model, the transit depth due to
the Balmer bound-free continuum absorption is too small
to be observed for both HD189733b and HD209458b.
7. SUMMARY AND DISCUSSION
We have modeled the abundance of n=2 hydrogen in
hydrostatic atmospheres. We find that the Hα absorp-
tion can be explained by metastable 2s, similar to what
is found in the interstellar medium (e.g., Townes 1957).
The dominant mechanism for the creation of 2s hydro-
gen is collisional excitation from the 1s state where it
subsequently collisionally transitions to the 2p state and
is finally radiatively de-excited. The 2s population dom-
inates 2p throughout the atmosphere by two orders of
magnitude for the parameters used in our study, although
the specifics depend on the chosen value of JLyα. We do
not model the spatial variation in the intensity of Lyα, in-
stead choosing a constant value. This assumption allows
us to estimate an upper limit on the 2p abundance. Since
2p remains negligible compared to 2s for our chosen JLyα,
we can assume that it should similarly be negligible in the
case where resonance scattering has depleted the avail-
able Lyα photons. Unlike n2p, n2s has limited depen-
dence on the radiation field, instead depending strongly
10
on the gas temperature through the exponential depen-
dence found in C1s→2s. We find that the data are best fit
by an atomic hydrogen layer approximately 500−1000K
hotter than our ξ = 1 case, which corresponds to ξ = 14.
Caution should be used in the physical interpretation
of this value due to the simplified heating and cooling
present in our model.
Because of the strong dependence on temperature, Hα
should be considered a complementary probe to Lyα
which is relatively insensitive to the gas temperature,
probing instead all the atomic gas.
This model differs from the calculations of Jensen et al.
(2012). Assuming that both Hα and Lyα are optically
thin, they used eq. 2 to derive an excitation tempera-
ture of Texc = 2.6 × 104K. Arguing that the levels will
approach a Boltzmann distribution deeper in the atmo-
sphere and the excitation temperatures found are not
compatible with the expected gas temperature at these
densities, they conclude that the absorption must occur
in the planetary wind. For our ξ = 14 model, we find
n1/n2 ∼ 107 − 1010 which using eq. 5 gives
Texc =
118400K
log
(
4n1
n2
) ≃ 4800− 7000K . (30)
This value for Texc is lower than the temperature in the
neutral layer and is significantly lower than the value
quoted by Jensen et al. (2012) due to the significantly
smaller n = 2 abundance in our model. The former is
due to the collisional excitation being balanced by the ℓ-
mixing reactions, not collisional de-excitation. The latter
is due to the overestimation of the gas temperature due
to the assumption of optically thin Lyα.
Tremblin & Chiang (2012) have proposed that the Hα
absorption can be explained by the same mechanism they
use to explain Lyα absorption, colliding planetary and
stellar winds. This mechanism allows for Lyα absorp-
tion 100 km s−1 from line center to be explained by the
formation of hot (T ∼ 106K) neutral hydrogen gener-
ated through charge exchange with solar wind protons.
If Hα is in fact probing the interface between the two
winds, the Lyα and Hα lines should have comparable
widths; however, the observed width for HD189733b is
≃ 40 km s−1. Tremblin & Chiang (2012) propose to ex-
plain this population of cool hydrogen in its n = 2 state
through cooling of the initially hot population formed
through charge exchange.
We find that observed absorption of Hα can be ex-
plained by our model with the primary signal coming
from the neutral atomic layer. Within this layer, the
abundance of n = 2 hydrogen is roughly constant, even
though the overall abundance of hydrogen is increased
by three orders of magnitude from the top of the layer
to the bottom because the density increase is offset by
a decrease in temperature. The transition to molecular
hydrogen will lead to a downturn in the overall n = 2
abundance. As a result, there should not be significant
contribution to Hα absorption within this layer.
Although many simplifications have been made, we
have included the relevant physics and reproduced
the transit signal observed by Jensen et al. (2012) for
HD189733b. There are, however, many avenues for im-
proving the calculation. We do not include the cooling
required to cause the transition to the molecular state.
This results in our model having too high a temperature
at the base radius. The inclusion of the necessary physics
will eliminate the need for the intermediate boundary at
Rb.
Our model also required a higher rate of heating than
expected from UV models from the X-exoplanets Archive
at the CAB (Sanz-Forcada et al. 2011). The inclusion
of heavier atomic species allows for far-UV absorption
higher in the atmosphere (Koskinen et al. 2012a,b) which
could reduce the need for the large heating rate.
Our model has assumed spherical symmetry. Due to
the strong dependence of the n = 2 abundances on the
temperature, temperature variations between the day
and night side could induce strong day-night variation
in n2s and n2p, which will be observable since the transit
probes the day-night terminator. This can partially be
negated by the redistribution of thermal energy by zonal
winds; however, this provides more reason to model the
signal in three-dimensions, not less.
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APPENDIX
NET LYα HEATING OR COOLING INCLUDING COLLISIONAL EXCITATION AND THERMALIZATION OF STELLAR
PHOTONS
In this section we investigate the effect of the radiation field on the Lyα cooling rate. The cooling rate Λ(T ), as used
in the text, ignores the possibility of heating due to collisional de-excitation. Allowing for this possibility, the cooling
rate takes the form
Λ (T, JLyα)nen1s = 10.2 eV (C1s→2sn1s + C1s→2pn1s − C2s→1sn2s − C2p→1sn2p)ne . (A1)
This cooling rate depends on radiative excitation and de-excitation as well as recombination and photoionization
implicitly through their effect on the level populations, n2s and n2p (see eqs. 12 and 13). For sufficiently low
temperature or large JLyα, the collisional de-excitation rates can become comparable to the excitation rates, reducing
the net cooling rate and, in extreme cases, result in net heating.
To this end, we solve eqs. 13 and 12 for n2s and n2p given fixed values of ne and T . In the absence of recombination,
the solution for Λ(T, JLyα) is independent of n1s, the dependence having been explicitly factored out in eq. A1. Even
if recombination is included, it can safely be ignored so long as its contribution to the 2s and 2p abundance remains
small. For the 2s state, where collisional excitation is the dominant formation pathway, this results in the condition
ne
n1s
≪ C1s→2s
α2s
= 5.17× 105
(
T
104K
)0.075
exp
(
−118400K
T
)
. (A2)
For the 2p state, radiative excitation sets the occupation, resulting in the requirement,
ne ≪ 5.19× 1010 cm−3
(
T
104K
)0.32(
JLyα
JLyα,0
)1/2 ( n1s
1010 cm−3
)1/2
. (A3)
For the model of HD189733b, both of these conditions are satisfied, as is evidenced by figs 12 and 13. In cases where
the contribution of recombination is non-negligible, the effect would be to increase the overall abundance of 2s and 2p
hydrogen, thus suppressing Lyα cooling.
We take the electron density to be ne = 10
8 cm−3, the typical abundance found in the atomic layer in our models.
Although the solutions have dependence on ne beyond that shown in eq. A1, we have found that varying the abundance
changes the results minimally.
Fig. 16 shows the cooling function for four values of JLyα, with JLyα,0 = 3.42 × 10−11 s−1, the value used in
our model above. For the case of JLyα = 0, we recover the standard cooling rate
6. For the three cases where
JLyα is non-zero, we find that the cooling rate diverges from the standard case as the temperature decreases with
the cooling rate becoming zero as the gas temperature approaches the excitation temperature of the radiation field,
Tex ∼ 118400K/ log
(
(2hν3/c2)JLyαg1/g2
)
. For temperatures below this threshold, collisional de-excitations return
energy to the gas faster than it is removed through collisional excitation, resulting in net heating. The weak dependence
of the C2s→1s and C2p→1s results in the heating rate being roughly constant as the temperature decreases.
We note that for our model the temperature did not drop below T = 6000K so the inclusion of Lyα heating would
not have changed our results.
The implications of this result, however, are that at low temperatures the Lyα cooling rate is possibly over-estimated
and the existence of a transition to heating creates a temperature floor in the limit where Lyα is the only cooling
mechanism. The specific location of this temperature floor depend on the value of JLyα, potentially making the details
of the radiative transfer problem important. Lyα undergoes resonant scattering in the atmosphere, and due to the low
absorption probability, is unlikely to attenuate exponentially, leaving the possibility that the intensity is non-negligible
within the atomic hydrogen layer and could play a role as the transition to molecular hydrogen is approached.
6 Although we keep the collisional de-excitation terms in our
cooling rate, even for the JLyα = 0 case, it can be shown to be
negligible in this case.
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Fig. 16.— The cooling rate as a function of gas temperature for differing values of JLyα. The case of no ambient Lyα field, JLyα = 0,
is given in black. The cases of 1, 10, and 102 times JLyα,0 are shown in blue, green, and red, respectively. For all curves, a solid line
represents net cooling and a dashed line represents net heating.
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